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Abstract 
Dams require continuous security and monitoring programs, integrated with visual inspection and testing in dam surveillance 
programs. New approaches for dam monitoring focus on multi-sensor integration, taking into account emerging technologies 
such as GNSS, optic fiber, TLS, InSAR techniques, GBInSAR, GPR, that can be used as complementary data in dam monitoring, 
eliciting causes of dam deformation that cannot be assessed with traditional techniques. This paper presents a Multi-temporal 
InSAR (MT-InSAR) monitoring of La Viñuela dam (Málaga, Spain), a 96 m height earth-fill dam built from 1982 to 1989. The 
presented MT-InSAR monitoring system comprises three C-band radar (~5,7 cm wavelength) datasets from the European 
satellites ERS-1/2 (1992-2000), Envisat (2003-2008), and Sentinel-1A/B (2014-2018). ERS-1/2 and Envisat datasets were 
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processed using StaMPS. In the case of Sentinel-1A/B, two different algorithms were applied, SARPROZ and ISCE-SALSIT, 
allowing the comparison of the estimated LOS velocity pattern. The obtained results confirm that LaViñuela dam is deforming 
since its construction, as an earth-fill dam. Maximum deformation rates were measured in the initial period (1992-2000), being 
around -7 mm/yr (LOS direction) on the coronation of the dam. In the period covered by the Envisat dataset (2003-2008), the 
average deforming pattern was lower, of the order of -4 mm/yr. Sentinel-1A/B monitoring confirms that the deformation is still 
active in the period 2014-2018 in the central-upper part of the dam, with maximums of velocity reaching -6 mm/yr. SARPROZ 
and ISCE-SALSIT algorithms provide similar results. It was concluded that MT-InSAR techniques can support the development 
of new and more effective means of monitoring and analyzing the health of dams complementing actual dam surveillance 
systems. 
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1. Introduction 
Monitoring the deformation of large dams is of vital importance for avoiding catastrophic loss of infrastructure 
and life. Although measuring and monitoring deformations of such man-made structures is a mandatory task, 
imposed by law worldwide1 due to the high risk they represent, they usually are time consuming and very expensive, 
though undeniably very accurate and reliable. Indeed, current dam deformation monitoring schemes rely on the use 
of dedicated devices, like laser alignment, total station and inverse plummet, occasionally integrated with GNSS for 
specific monitoring purposes2-10. 
Multi-temporal InSAR (MT-InSAR)11 evolved to a mature technique and nowadays is successfully applied in 
measuring of small deformations caused by natural phenomena or in man-made structures. Structural monitoring of 
dams using MT-InSAR is not yet a widespread application and only a relative few number of studies have been 
conducted during the past 15 years for structural health monitoring of dams using SAR data12-24. However, these 
achievements allowed to conclude that MT-InSAR techniques have the potential to support the development of new 
and more effective means of monitoring and analyzing the health of dams and add redundancy, at low cost, to 
support and assist warning systems. The availability of high quality SAR data is converting MT-InSAR techniques 
into near-real-time operational tools with the capacity of providing useful information with increased sensitivity to 
displacements that highlights the dynamic behavior of man-made structures. 
In this study, C-band radar data from the European satellites ERS-1/2, Envisat, and Sentinel-1A/B were used to 
derive mean LOS velocity maps in La Viñuela dam (Spain), a structure oriented in WNW-ESE direction, and the 
surrounding area. Two independent MT-InSAR tool packages were applied to the dataset covering the period from 
May 1992 to February 2018. Both approaches confirmed that dam body is prone to deformation.  
The paper is structured as follows. Section 2 includes a general description of La Viñuela dam. Section 3 
describes the SAR data used in this study as well the processing methodologies carried out. A general description of 
the deformation results is presented in Section 4 and the main conclusions are derived. 
2. La Viñuela dam 
The Reservoir of La Viñuela is located on the Guaro River, in the municipality of La Viñuela (province of 
Málaga, southern Spain) (Fig. 1). It controls the waters of the hydrographic network of the region of La Axarquía 
and was built to supply drinkable water to the region, to improve the irrigated lands as well as flood lamination. The 
Guaro River is born in Periana and receives waters from its tributaries, the Sabar, Benamargosa, and Salia 
Rivers25,26.  
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processed using StaMPS. In the case of Sentinel-1A/B, two different algorithms were applied, SARPROZ and ISCE-SALSIT, 
allowing the comparison of the estimated LOS velocity pattern. The obtained results confirm that LaViñuela dam is deforming 
since its construction, as an earth-fill dam. Maximum deformation rates were measured in the initial period (1992-2000), being 
around -7 mm/yr (LOS direction) on the coronation of the dam. In the period covered by the Envisat dataset (2003-2008), the 
average deforming pattern was lower, of the order of -4 mm/yr. Sentinel-1A/B monitoring confirms that the deformation is still 
active in the period 2014-2018 in the central-upper part of the dam, with maximums of velocity reaching -6 mm/yr. SARPROZ 
and ISCE-SALSIT algorithms provide similar results. It was concluded that MT-InSAR techniques can support the development 
of new and more effective means of monitoring and analyzing the health of dams complementing actual dam surveillance 
systems. 
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The basin of La Viñuela reservoir has an own surface of 119 km2, an average yearly rainfall of 893 mm and an 
average yearly contribution of 25 km3. The reservoir is made of loose materials (embankment dam), having a 
coronation length of 460 m, and heights of 96 m over foundations and of 90 m over the riverbed (Fig. 2). It presents 
a chute spillway with frontal lobe in arch with a pouring length of 30 m and a maximum flow of 382 m3/s. The 
bottom drainage consists of a detour tunnel with tow pipes discharging a maximum of 70 m3/s. The Reservoir of La 
Viñuela has a surface of 565 ha and a capacity of 170 hm3. The construction of the dam started on October 22, 1982 
and finished in 1989, although it filled completely first in 1998. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 1. Location of La Viñuela dam in the province of Málaga.  Fig. 2. Plant and cross section of La Viñuela dam. (Source:25). 
3. Data and Method 
3.1. Data 
 The dam has been analyzed using C-band radar data (~5,7 cm wavelength) from the European satellites ERS-
1/2, Envisat, and Sentinel-1A/B. 24 SLC ERS-1/2 SAR images were used, corresponding to descending orbits (track 
51) acquired between May 5, 1992 and January 28, 2000 with an incident angle of 23º and a 5x25 m nominal spatial 
resolution (azimuth x range). Due to ERS-2 on-board gyroscope failure on January 2001, only images until the end 
of 2000 were selected to avoid high Doppler centroid differences of more than the critical value of 700 Hz. The SLC 
Envisat ASAR dataset is composed of 27 images acquired from March 21, 2003 to August 1, 2008, along ascending 
orbits (track 459), with an incidence angle of 23º at the middle swath IS2, and a 5x25 m nominal pixel dimension. 
The Sentinel-1A/B SAR dataset is formed by 126 SLC IW images (86 Sentinel-1A and 40 Sentinel-1B) acquired in 
descending orbits from November 16, 2014 to February 28, 2018 with an incidence angle of 37-39º in the center of 
sub-swath 2 and a pixel spacing of 2.3 x 14.1 m (range x azimuth).  
 
3.2. Multi-Temporal InSAR 
 
 DInSAR is limited by temporal and geometrical decorrelation. MT-InSAR methods are helpful to overcome 
these limitations. The idea behind these methods is to discern coherent radar signal from incoherent contributions in 
order to obtain only those observations which are physically meaningful. In other words, a PS (Permanent or 
Persistent Scatterer) is an isolated point with interpretable phase characteristics in time. Methods for identifying and 
isolating these PS in interferograms have been developed using a functional model to map deformation variation 
with time. The methods have been very successful in identifying PS pixels in both urban and non-urban areas 
undergoing primarily steady-state or periodic deformation. 
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 Currently, there are two broad categories of MT-InSAR techniques, persistent scatterer (PSI) methods 
(e.g.11,27,28) and small baseline (SB) methods (e.g.29,30). In the following subsections, we briefly describe some 
characteristics of the used InSAR tool packages. 
3.2.1. ERS-1/2 and Envisat processing 
 
The ERS-1/2 and Envisat datasets were processed using StaMPS. This software package developed in 
MATLAB® implements a PSI method developed to work even in terrains devoid of man-made structures and/or 
undergoing non-steady deformation31. StaMPS-MTI (MT-InSAR) is an extended version of StaMPS that also 
includes an SB method and a combined MT-InSAR method, allowing the identification of scatterers that dominate 
the scattering from the resolution cell (PS) and slowly decorrelation-filtered phase (SDFP) pixels, that is, pixels 
whose phase when filtered decorrelates little over short time intervals32. 
The processing chain begins by reading the SAR scenes and precise orbits. Then, the master scene (December 4, 
1998 for the ERS-1/2 dataset and November 5, 2004 in the case of Envisat) is selected in order to start the InSAR 
processing. Parameters such as the effective baseline, the acquisition date, the Doppler centroid frequency, and the 
season of the acquisition, form the selection criteria. During the differential interferometric processing steps the 
observation geometry of the radar acquisition is simulated. A Digital Elevation Model (DEM) and precise orbits are 
used as input. That means that the interferometric phase can be modeled. The differential interferometric phase is 
used in all further computations. 
StaMPS uses both amplitude and phase analysis to determine the PS probability for individual pixels. First an 
initial selection based only on amplitude analysis is performed, and then the PS probability is refined using phase 
analysis in an iterative process. Once selected, the signal due to deformation in the PS pixels is isolated. In contrast 
to the standard PSI approach11,28, this PSI method does not require any a priori assumptions about the temporal 
nature of the deformation for PS selection. This is achieved by using the spatially correlated nature of deformation 
rather than requiring a known temporal dependence. More details about the way that StaMPS identifies PS from 
interferograms can be found in33. The SB method uses amplitude dispersion values and then identifies the SDFP 
pixels performing phase analysis in space and time. Because PSI and SB approaches are optimized for resolution 
elements with different scattering characteristics, they are complementary, and techniques that combine both 
approaches are able to extract the signal with greater coverage than either method alone32,34. Thus, both selections 
(PS + SDPF) are combined and a 3D phase unwrapping algorithm is applied to isolate the deformation signal, based 
on these pixels. The inner workings of this software package are described in more detail in27,32,33,35. In this study, 
we used the combined processing for both ERS-1/2 and Envisat datasets. The reference area for processing was 
placed in a stable small urbanization 600 m east to the dam, outside of the dam body.  
3.2.2. Sentinel-1A/B processing 
 
The processing of the Sentinel-1A/B dataset was carried out using two different algorithms, SARPROZ and 
ISCE-SALSIT, allowing the comparison of the estimated LOS velocity patterns. They are briefly described in the 
following subsections. The reference area for the PS-InSAR processing was selected in the same place as for ERS-
1/2 and Envisat processing. 
3.2.2.1. SARPROZ 
 
 For this case study, the standard PSInSAR analysis (PSI) implemented in SARPROZ software36 has also been 
utilized for the purposes of comparison between different methodologies. The processing was performed on a same 
set of Sentinel-1A/B radar images at a local scale (approx. 1.3 x 0.6 km) allowing for neglecting the atmospheric 
perturbations as the correlation distance of Atmospheric Phase Screen (APS) is less than few kilometers37. Within 
the standard PSInSAR processing11, persistent scatterer (PS) candidates were chosen by applying threshold on 
Amplitude Stability Index. For the selected points, height and displacement were estimated and deformation time 
series were reconstructed.  
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3.2.2.2. IT4S1 approach (ISCE-SALSIT) 
 This area has been processed by an approach recognized as IT4S138,39,40. Here, the Sentinel-1A/B data are 
specifically preprocessed using the InSAR Scientific Computing Environment (ISCE)41. Coregistration process 
together with the necessary fine corrections and also topography and flat Earth phase removal have been all 
performed directly to the SLC data. Afterwards, interferometric combinations were prepared for PSI processing 
using a custom solution, SALSIT40. SALSIT (Small Area Least-Squares InSAR Tool) is a new octave-based 
package, used for standard InSAR processing based on least-squares (LS) method (similar to e.g. StaMPS). It is 
designed for small objects or small areas, not treating atmospheric effects (however, it can find and exclude images 
with significantly high level of noise, such as due to snow cover or atmospheric effects). The criteria for point 
selection are similar to other software, such as StaMPS, amplitude dispersion index (but without PS weeding) with 
eventual masking.  
In comparison to the FFT-based software (such as SARPROZ), for the LS approach it is more difficult to find 
global minimum of the optimized criteria (minimum standard deviation, i.e. residue RMS, in comparison to the 
maximum coherence): the iterative process of ambiguity estimation may often aim to a local minima instead of the 
global one, and there is no way to recognize it. In SALSIT, this is dealt on the basis of quality and closeness of the 
points, and a point is usually evaluated using more of its neighbors in a PS net (first, the Delaunay net is used, in the 
second step, new (or old points with low quality) points are connected to several closest points) and evaluated w.r.t. 
them. However, the LS solution seems to be more sensitive to biased measurements (e.g. due to strong atmospheric 
effects), the results, with the standard deviation of all the estimated parameters, are familiar to geodesists, who do 
not understand the coherence, a parameter conventionally used in InSAR community. In addition, the value of 
standard deviation is necessary to decide whether a PS shall be treated as a moving one, or if the estimated 
movement velocity is low enough to be taken as noise. Also, the LS approach can be easily adapted to implement 
other movement models, such as short-term movement, starting movement etc., which seems to be useful for an 
early-warning approach in future. 
4. Results and conclusions 
Fig. 3 shows the mean LOS velocity maps derived from StaMPS for ERS-1/2 (May 1992- January 2000) and 
Envisat (March 2003-August 2008) processing. Both results correspond to the combined (PSI+SB) processing. In 
the case of ERS-1/2, a deformation pattern can be clearly seen with maximum values around -7 mm/yr on the 
coronation of the dam. In the Envisat period, the deformation pattern is lower, with maximum values of the order of 
-4 mm/yr. The standard deviations of the LOS velocity are quite low, of the order of ±1 mm/yr.  
The standard PSInSAR approach from SARPROZ with the linear model assumption for the deformation 
estimates confirmed that the investigated area of the dam body is prone to deformation of up to -6 mm/yr (LOS 
velocity) in the whole monitoring period of Sentinel-1A/B (November 2014 – February 2018, 126 IW SLC images). 
The majority of PS points that exhibits deforming motion are also located within the upper part of the dam body 
(Fig. 4a) as also shown in previous periods. The maximum of velocity there is reaching -6 mm/yr. The same trend 
for Sentinel-1A/B is shown using ISCE-SALSIT, with mean LOS velocities in the same range (Fig. 4b). 
In DInSAR, the movement direction can be estimated only having the measurements from different directions, 
i.e. ascending and descending passes (from the same time period). And even in such cases, it is difficult to detect the 
movements in the north-south direction, as the sensitivity of the LOS direction to this direction is lower than 0.1. 
The possibility to detect the horizontal (east-west) movements depends on the satellite incidence angle, making it 
higher for Sentinel-1A/B than for ERS-1/2/Envisat tracks. The movement of the dam is expected only in the vertical 
and cross-dam directions (the direction perpendicular to the dam body). Here, the dam body is almost parallel to the 
LOS direction (in the horizontal plane), causing very low sensitivity (0.03-0.06) of the detection of the cross-dam 
movements, for all descending tracks (ERS-1/2 and Sentinel-1A/B). Therefore, if the along-dam movements can be 
neglected, all the measured LOS movement can be attributed to subsidence. For Envisat, the sensitivity of the cross-
dam movements is 0.17, in comparison to 0.92 for the vertical direction. The rate of the figures represents how the 
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vertical and cross-dam components contribute to the LOS movement. Therefore, if the cross-dam component is 5-
times higher than the vertical one, their contribution to the LOS movement is comparable.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Mean LOS velocity and its standard deviation for ERS-1/2 (1992-2000) (a) and Envisat (2003-2008) (b) processing. 
Two time-series representative of the deformation are plotted for each processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Mean LOS velocity for Sentinel-1A/B (2014-2018) processing using SARPROZ (a) and ISCE-SALSIT (b).  
Two time-series representative of the deformation are plotted for each processing. 
 
It is not reliable to compare two datasets from different time periods, but the velocities measured by Envisat are 
significantly lower than those measured by ERS-1/2. This can be attributed either to the stabilization of the dam in 
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It is not reliable to compare two datasets from different time periods, but the velocities measured by Envisat are 
significantly lower than those measured by ERS-1/2. This can be attributed either to the stabilization of the dam in 
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time, and also to the contribution of the (significant) cross-dam movement. In addition, in the upper part of the dam, 
the Sentinel-1A/B measured velocities are higher again, confirming the significant cross-dam movement. The cross-
dam movement is expected to correlate with water level, while the vertical movement is expected to stabilize in 
time. 
This study shows the potential of C-band SAR data for monitoring deformation of one earth-fill dam. The ratio of 
the detected deformation might be assumable for this kind of dams. Future investigations will address a 
mathematical modeling of the dam to investigate the expected theoretical deforming behavior due to the material 
consolidation through time. Additionally, some other geotechnical/geodetic data, if available, could be used to 
validate the MT-InSAR deformation pattern. 
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